Abstract
Introduction
The photophysical properties of luminescent tricarbonyl Re(I) complexes bound to π conjugated ligands have been extensively studied. The general formulation of this class of compounds is fac-[Re(CO) 3 
(diim)L]
0/+ , where diim represents a diimine ligand possessing a π* system of accessible energy and L either an anionic or neutral monodentate ancillary ligand. 1 The most common diim ligands investigated are designed around 1,10-phenanthroline (phen) and 2,2'-bipyridine (bipy): it has been well established how chemical variations of these systems can be exploited to tune the photophysical properties of the Re complexes. 1 Coupled with favorable quantum yields, relatively long-lived excited state lifetimes and resistance to photobleaching, the ability to tune the photophysical properties has made this class of complexes amenable for a variety of applied fields, ranging from organic light emitting devices (OLEDs) to cellular labels. [2] [3] [4] [5] [6] [7] [8] In comparison to Re complexes bound to diim ligands, the analogous fac- and Au(I). [9] [10] [11] [12] [13] With the intent to investigate the effect that the exchange of a diim for a NHC ligand would have on the luminescent properties of tricarbonyl Re complexes, our group and others have investigated the photophysical behavior of this class of compounds, where the NHC ligand is based around a pyridyl, pyrimidyl or quinolyl-substituted imidazole or benzimidazole ring. [14] [15] [16] The findings have revealed that this type of NHC ligands are able to activate tuneable metal-to-ligand charge transfer (MLCT) transitions through their π* system, upon which phosphorescent decay to the ground state (GS) is then observed ( 3 MLCT → GS).
This type of neutral complexes have highlighted a blue-shifted emission compared to their analogues bound to phen and bipy, with the blue-shift being ascribed to a decrease in the overall conjugation on passing from phen or bipy to the NHC ligand.
While investigating the photophysical properties of the fac-[Re(CO) 3 (NHC)L]
complexes, we have also serendipitously discovered that photochemical CO dissociation can occur in some instances upon excitation. 17 This type of photochemical transformation had been studied before for tricarbonyl Re(I) complexes bound to ligands possessing a strong trans effect such as phosphines, phosphites and isonitriles. [18] [19] [20] [21] [22] [23] [24] [25] More specifically, the CO dissociation has been proposed to occur from a thermally accessible reactive state of triplet ligand field character ( 3 LF), following a dissociative mechanism without rearrangement of the two remaining CO ligands. 21 The bonding properties of NHC ligands are often regarded as analogous to P-based ligands; 26 in this respect, the carbene C atom is capable of promoting the labilization of the ligand in trans due its good σ donation properties. However, our preliminary investigation on the photochemical properties of Re NHC complexes revealed that a dissociative mechanism from a thermally activated 3 LF reactive state alone does not adequately describe the loss of CO in trans to the carbene C atom upon photoexcitation. 17 In fact, three distinct photochemical products are obtained and they have been identified as a tricarbonyl acetonitrile-solvated complex and two different dicarbonyl complexes. Moreover, the CO dissociation is solvent-dependent as it was found to proceed in acetonitrile but not in coordinating acetone or non-coordinating chloroform. Our studies also revealed that lowering the relative energy of the lowest 3 MLCT state, achieved by exchanging the pyridyl substituted NHC ligand with an analogous quinolyl substituted NHC ligand, renders the complexes photostable. 17 To further our studies on the photochemical CO dissociation of fac-
[Re(CO) 3 (NHC)L] complexes with the aim of gaining more detailed information on the photochemical mechanism and nature of the reactive excited state, we have prepared a family of complexes (schematized in Figure 1 ) by varying the substituents bound to the N3 (butyl, phenyl and mesityl) and N1 (pyridyl, pyrimidyl and quinoxyl) atoms of the NHC imidazole ring. The ancillary ligand L was also changed between chloro and bromo. Furthermore, we have monitored the photochemical reaction at 293 and 233 K in degassed acetonitrile solutions. The intent of this investigation is to understand how the specific chemical nature of the complex is linked to its photophysical and photochemical properties.
Experimental Section

General procedures
All reagents and solvents were purchased from Sigma Aldrich and Alfa Aesar and used as received without further purification. All the reactions were performed under nitrogen atmosphere using standard Schlenk technique. 1-Mesitylimidazole, 27 1-phenylimidazole, 28 1-(2-pyridyl)-3-(butyl)imidazolium bromide, 29 1-(2-pyridyl)-3-(2,4,6-trimethylphenyl)imidazolium bromide, 30 1-(2-pyridyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride 31 and 3Cl 16 were prepared accordingly to previously published procedures.
Deactivated acidic alumina of Brockmann II activity was prepared by adding water to
Brockmann I alumina at a ratio of 3% w/w, shaking until clumping stopped and left in a sealed container for two days. Nuclear magnetic resonance spectra were recorded using a Bruker Avance 400 spectrometer (400.1 MHz for 1 H; 100 MHz for 13 C) at 300 K. All the NMR spectra were calibrated to residual solvent signals. Infrared spectra were recorded using an attenuated total reflectance Perkin Elmer Spectrum 100 FT-IR with a diamond stage. IR spectra were recorded from 4000 to 650 cm -1 . The intensities of the IR bands are reported as strong (s), medium (m), or weak (w), with broad (br) bands also specified. Melting points were determined using a BI Barnsted Electrothermal 9100 apparatus. Elemental analyses were obtained at the Central Science Laboratory, University of Tasmania, using a Thermo Finnigan EA 1112 Series Flash. The imidazolium chloride salts were found to be slightly hygroscopic and the theoretical elemental analyses had to be adjusted by adding water molecules.
Photophysical Measurements
Absorption spectra were recorded at room temperature using a Perkin Elmer Lambda 
where A is the absorbance at the excitation wavelength (λ), I is the intensity of the excitation light at the excitation wavelength (λ), n is the refractive index of the solvent, D is the integrated intensity of the luminescence and Φ is the quantum yield. The subscripts r and x refer to the reference and the sample, respectively. The quantum yield determinations were 
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Emission lifetimes (τ) were determined with the single photon counting technique (TCSPC) with the same Edinburgh FLSP920 spectrometer using pulsed picosecond LEDs (EPLED 295 or EPLED 360, FHWM <800 ps) as the excitation source, with repetition rates between 10 kHz and 1 MHz, and the above-mentioned R928P PMT as detector. The goodness of fit was assessed by minimizing the reduced χ 2 function and by visual inspection of the weighted residuals. To record the 77 K luminescence spectra, the samples were put in glass tubes (2 mm diameter) and inserted in a special quartz Dewar filled up with liquid nitrogen. The dichloromethane solvent used in the preparation of the solutions for the photophysical investigations was of spectrometric grade. All the prepared solutions were filtered through a 0.2 μm syringe filter before measurement. Degassed samples were prepared by the freeze-pump-thaw technique. Temperature dependent lifetime measurements were obtained with an Edinburgh FLS980 spectrometer equipped with a temperaturecontrolled cuvette holder, for measurements between 293 and 333 K, or liquid nitrogen cooled Oxford Instrument OptiscanDN cryostat, for measurements below room temperature.
Experimental uncertainties are estimated to be ±8% for lifetime determinations, ±20% for quantum yields, ±2 nm and ±5 nm for absorption and emission peaks, respectively.
Photolysis Experiments
The complexes (~ 5 mg) were dissolved in CD 3 CN (1. The same procedure used for the preparation of 1-(2-pyridyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride was followed with the following modifications: 1-chloropyrimidine was substituted for 1-chloropyridine and reaction temperature was set to 140 °C to afford a light brown solid (61% A saturated aqueous solution of potassium hexafluorophosphate was added to an aqueous solution 1-(2-pyrimidyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride until precipitation ceased. The resulting solid was used in the following reaction without further purification or characterization.
Synthesis of 1-(2-pyrimidyl)-3-(phenyl)imidazolium chloride.
The same procedure used for the preparation of 1-(2-pyridyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride was followed with the following modifications: 1- 
Synthesis of 1-(2-pyrimidyl)-3-(phenyl)imidazolium hexafluorophosphate.
A saturated aqueous solution of potassium hexafluorophosphate was added to an aqueous solution 1-(2-pyrimidyl)-3-(phenyl)imidazolium chloride until precipitation ceased.
The resulting solid was used in the following reaction without further purification or characterization.
Synthesis of 1-(2-quinoxyl)-3-(phenyl)imidazolium chloride.
The same procedure used for the preparation of 1-(2-pyridyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride was followed with the following modifications: 1-chloroquinoxaline was substituted for 1-chloropyridine and 1-phenylimidazole was substituted for 1-(2,4,6-trimethylphenyl)imidazole and reaction temperature was set to 140 °C to afford a black powder (78% 
Synthesis of 1-(2-quinoxyl)-3-(phenyl)imidazolium hexafluorophosphate.
A saturated aqueous solution of potassium hexafluorophosphate was added to an aqueous solution 1-(2-quinoxyl)-3-(phenyl)imidazolium chloride until precipitation ceased.
Synthesis of 1Cl
A suspension of 1-butyl-3-(2-pyridyl)imidazolium bromide (408 mg, 1.45 mmol) and Ag 2 O (375 mg, 1.62 mmol) in dichloromethane (20 mL) was stirred in darkness, at room temperature for 48 hours after which [Re(CO) 5 Cl] (346 mg, 0.95 mmol) was added and the reaction mixture was heated at reflux under inert atmosphere for 4 days. The resulting green solution was filtered through a short plug of deactivated acidic alumina and washed with dichloromethane (50 mL) followed by acetonitrile (50 mL 
Synthesis of 1Br
A suspension of [Re(CO) 5 Br] (445 mg, 1.09 mmol), 1-butyl-3-(2-pyridyl)imidazolium bromide (305 mg, 1.08 mmol) and triethylamine (1.5 mL 10.8 mmol) in toluene (ca. 10 mL) was heated at reflux for 2 days. The resulting mixture was cooled to room temperature, water (ca. 5 mL) and hexanes (ca. 7 mL) were added and eventually the hexanes layer was removed. The aqueous layer was then extracted with dichloromethane, the organic phase was collected, dried over MgSO 4 and evaporated to dryness. The crude product was then purified by flash column chromatography on deactivated acidic alumina with dichloromethane as the eluting solvent (327 mg, 55% 
Synthesis of 2Cl
The target complex was prepared following the same procedure reported for 1Br, but starting from [Re(CO) 5 Cl], using 1-(2-pyridyl)-3-(2,4,6-trimethylphenyl)imidazolium chloride as starting imidazolium salt (32 mg, 49%). Crystals suitable for a single crystal Xray diffraction study were grown from slow evaporation of an acetonitrile solution of 2Cl. 
Synthesis of 2Br
The target complex was prepared following the same procedure as for 1Br, using 1- 
Synthesis of 3Br
Synthesis of 4Cl
The target complex was prepared following the same procedure as for 1Br, but starting from [Re(CO) 5 
Synthesis of 4Br
The target complex was prepared following the same procedure as for 1Br using 1-(2-pyrimidyl)-3-(phenyl)imidazolium hexafluorophosphate as starting imidazolium salt (28 mg, 35% 
Synthesis of 5Cl
Synthesis of 5Br
The target complex was prepared following the same procedure as for 1Br using 1-(2-quinoxyl)-3-(phenyl)imidazolium hexafluorophosphate as starting imidazolium salt (30 mg, 46% 
X-ray crystallography
Crystallographic data for the structures were collected at 100 (2) CCDC 974871. CCDC 974872. The data could support anisotropic refinement of the Re and Br atoms only.
X-ray Data Refinement for 4Br
X-ray Data Refinement for 5Br
Empirical formula: 
Computational Calculations
Time-dependent density functional theory (TD-DFT) calculations were performed with GAUSSIAN 09 in order to calculate the absorption spectra for synthesized complexes. 36 Prior to these calculations, the structures were relaxed at the B3LYP level of theory directly in the presence of solvent (dichloromethane). The Re atoms were treated with the StuttgartDresden (SDD) effective core potential, 37 the Pople 6-311++G** basis set was used for C, H, N, O, Cl and Br atoms and in all calculations the effect of the solvent was mimicked with the PCM solvation model, 38 with parameters adequate for dichloromethane. The low-lying singlet-singlet excitation energies were calculated at the same level of theory, and the spectra were reproduced as the superposition of Gaussian functions with heights proportional to calculated intensities and a variance of 11nm.
Results and Discussion
Synthesis and Spectroscopic Characterization of the Complexes
The variously functionalized NHC-based ligands were prepared according to previously published procedures. Aside from few exceptions, the majority of the complexes were synthesized via a variation of the in-situ method developed in our previous work ( Figure   1 ).
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Herein we found that using triethylamine in a ten-times excess to facilitate the deprotonation of the imidazole C atom, instead of potassium carbonate, afforded in general an improved yield. For the preparation of 1Cl and 2Cl, a slight variation of the free carbene method reported by Kaufhold et al. was initially attempted, 31 however the yields of the isolated products were inferior in comparison to the in-situ method. 1Cl could not be synthesized neither following the in situ nor the free carbene method: therefore a silver transmetallation approach was utilized, which afforded low to moderate yields. The complex 3Cl was initially prepared using the in situ method as compared to the silver transmetallation previously attempted by Wang et al., 16 however the former was found to produce the complex in low yield. Generally, when synthesizing the bromo complexes fac- and R2 substituents on the NHC ligands ( Figure 1) . Also, no differences were detected when exchanging the ancillary ligand between chloro and bromo. The lack of variation in the carbonyl peaks indicates that in all cases the electron density of the Re centers remains unaltered, hinting at the fact that any modification on the photophysical behavior of the complexes, in terms of absorption and emission maxima, is likely to be majorly attributed to the NHC π* acceptor ligand.
The successful synthesis of all complexes was supported, along with the presence of three CO stretching peaks in the IR spectra, by the disappearance of the imidazolium H2 signal in the 10-12 ppm region in the 1 H-NMR spectra, indicating deprotonation of the NHC precursor. The 1 H-NMR spectra of 2Cl, 2Br, 3Cl and 3Br bearing the mesityl-substituted NHC ligands show three separate singlets around 2 ppm, which is consistent with three nonequivalent methyl environments. The presence of these three peaks, instead of two, indicates a restricted rotation of the mesityl unit around the C-N bond, which is likely to originate from the steric hindrance between the ortho methyl substituents against the adjacent CO ligand and the imidazole H5 atom. On the other hand, the phenyl substituent in 4Cl, 4Br, 5Cl and 5Br presents a significantly reduced rotational barrier. The free rotation is in agreement with the fact that in the 13 C-NMR spectra the phenyl substituents show only four C environments, as opposed to the restricted mesityl rings that show a total of six environments. The 13 C-NMR spectra of all the complexes display four signals of weak intensity between 199 and 188 nm, corresponding to each of the three individual C atoms of the CO ligands and to the carbene C atom of the imidazole heterocycle.
X-ray Structural Investigation
Single crystals suitable for X-ray diffraction were successfully grown for 1Cl, 2Cl, 2Br, 4Cl, 4Br and 5Br. The combined structures for these complexes are shown in Figure 2 .
The facial arrangement of the three carbonyl ligands was confirmed for all the species. In all cases, the structures show that the heterocylic substituent (pyridyl, pyrimidyl or quinoxyl) is Across the series, the Re-C(NHC) distance is found to be slightly shorter than the Re-N distance, in agreement with the stronger σ donation of the carbene C atom.
26,39
The longest
Re-C(NHC) bond belongs to complex 5Br, which could be ascribed to the increased steric bulkiness of the quinoxyl-substituted ligand when compared to the pyridyl and pyrimidylsubstituted ligands. Notably, despite the stronger trans effect attributed to carbene-type ligands (analogously to the corresponding tricarbonyl Re(I) phosphine and phosphite complexes), the longest Re-CO bond in the complexes appears to be that in trans to the halogen ligand ( Table 1 ). The only exception is represented by complex 1Cl. This trend might suggest a diminished trans effect from the NHC C atom. On analysing the pseudooctahedral geometry around the Re centers, it is in fact noted that the carbene C atom is in each case distorted from its ideal position along the axes of the octahedron. The distortion originates as a consequence of the bite angle lower than 90° from the five-membered ring between the NHC ligands and the Re center; the angles formed between the carbene C atom, the Re atom and the CO ligand range between 173° and 169°. See SI, Table S1-6, for complete tables of bond lengths and angles. The photophysical data of all the complexes from diluted dichloromethane solutions (ca. 10 -5 M) are summarized in Table 2 , with each absorption and emission profile shown in The emission profiles of the complexes 1Cl, 1Br, 2Cl and 2Br are all very similar and display broad and structureless bands centered at 510-520 nm, typical of emission from excited states of MLCT/LLCT nature ( Figure 3 ). These profiles are also found to be very similar, considering band shape and λ em , to previously reported tricarbonyl Re NHC complexes bearing either a benzimidazole ring, instead of an imidazole, or a phenyl substituent directly attached to the imidazole ring, instead of a butyl or mesityl group. 14, 17 These similarities confirm that only the pyridine ring strongly influences the nature and energy of the lowest MLCT/LLCT excited state, which is also supported when considering the contours of the LUMO orbital for all the complexes (Figure 4 and SI Figure S22-41) . The identical behavior when passing from a butyl to a phenyl or mesityl substituent suggests that very limited conjugation is present between the imidazole and the two aryl rings, as also previously concluded from the X-ray crystal structures. The lifetime decays (τ) of these complexes range between 20 and 80 ns. The complex 1Br was consistently found to decay following a biexponential fit, a behavior that has been also reported by others for analogous complexes. 15 The τ values seem to elongate on degassing the dichloromethane solutions and the same trend can be observed for the values of quantum yields (Φ). These variations suggest that the emissive state is mainly characterized by a triplet multiplicity ( 3 MLCT/ 3 LLCT ). 40, 41 The emission profiles of the pyrimidyl complexes 3Cl, 3Br, 4Cl and 4Br appear analogous to those of the pyridyl complexes, although the λ em are red-shifted to the 575-583 nm region. While this red-shift was less evident from the absorption spectra, it is attributed to the more electron-deficient nature of the pyrimidyl substituent. As in the previous case, the lack of significant variations on passing from the phenyl to the mesityl group on the NHC ligand indicates that the π* system of the pyrimidyl substituent is the major contributor to the 3 MLCT/ 3 LLCT excited state. Again, the elongation of the τ and increase of Φ in degassed solutions suggest the triplet multiplicity of the excited state. 40, 41 Notably, the τ values for 3Cl, 3Br, 4Cl and 4Br are found to be longer than those of 1Cl, 1Br, 2Cl and 2Br despite the fact that the former group emits from excited states of lower energy, thus contradicting trends dictated by the energy gap law. 42 The shorter lifetime values for the former group might be caused by the competing photochemical pathways triggered upon excitation.
In a frozen matrix at 77 K (see SI, Figure S12-21 ), all the complexes bound to the pyridyl and pyrimidyl-substituted NHC ligands exhibit blue-shifted emission bands as a consequence of the rigidochromic effect. 43 The τ values are similar and found within the 6-10 μs range..
The emission profiles of 5Cl and 5Br are found somewhat unusual with respect to the rest of the series. A red-shifted emission would be expected due to the lower energy π* system of the quinoxyl substituent, as evidenced from the absorption spectra. In fact, this red shifted emission was previously reported for the analogous quinolyl-NHC complexes. 17 Instead, a blue-shifted band appears in both cases with λ em values at 494 and 432 nm for 5Cl
and 5Br, respectively, with complex 5Br characterized by an extremely weak emission (see SI, Figure S11 ). The lifetime decays and quantum yields are very short and virtually insensitive to the presence of O 2 . Furthermore in the case of 5Cl, the emission profile is found very similar to that of the uncoordinated ligand. These data suggest that the emission in both cases might be originating from LC excited states. No emission attributable to a 3 MLCT excited state is visible up to 800 nm. Reinforcing these observations is the fact that at 77 K (see SI, Figure S20 -21), both complexes exhibit an intense, broad and structureless emission profile centred at 610 nm and characterized by τ values of 3.6 and 5.3 μs for 5Cl and 5Br, respectively. We attributed this band to the decay from the corresponding 3 MLCT/ 3 LLCT states, which appear revived within the frozen matrix, with no contribution from LC states due to suppressed thermal population of higher excited states.
Photochemical Investigation
The photochemical properties of the complexes were investigated by irradiating acetonitrile solutions at 370 nm, following a previously reported procedure, The formation of these three products was also confirmed upon monitoring the photolysis in deuterated acetonitrile solutions via 1 H-NMR spectroscopy. As it is more evident in the case of the bromo complexes, the H6 signal at ca. The Arrhenius plot in Figure 8 illustrates that a temperature-dependent non-radiative channel is responsible for the decrease in the excited state lifetime decays of 2Cl and 2Br upon increasing temperature. [44] [45] [46] When compared to the photostable fac-[Re(CO) 3 (phen)Cl], whose dependency of k obs versus T is significantly less pronounced, the trend in 2Cl and 2Br might be associated with the presence of photochemically activated transformations. The fact that the photochemistry can be observed at 233 K, however, suggests that the photochemistry might not be occurring from an excited state of LF nature. In fact, these excited states have been shown to reside at quite higher energies for Re tricarbonyl complexes with respect to the CT manifold and, [47] [48] [49] [50] in the case of complexes of the type fac-[Re(CO) 3 (diim)(PR 3 )] + that undergo CO dissociation from thermally activated 3 LF states, the photochemical quantum yield has been shown to rapidly decrease reaching photostability below 280 K. 21 Furthermore, N-heterocylic carbene ligands generally act upon increasing the relative energy of LF states via their strong σ donation. 51 Based on these observations, it would seem logical to attribute the origin of the photochemical transformations to an excited state of MLCT nature. When the complexes are excited to these states, a decrease in electron density occurs at the Re center and halogen ligand predominantly and, to a minor extent, at the CO ligands.
This conclusion is drawn upon considering the orbital contours of the HOMO-1 and HOMO levels. On the other hand, an increase in electron density is localized on the pyridine ring and C atom of the NHC ligand, according to the calculated LUMO levels (Table 3) The proposed model of photochemical pathway originating from MLCT-type states can be also used to explain the photostability of the pyrimidyl, quinoxyl and previously reported quinolyl complexes. In these complexes, the LUMO level might be characterized by a reduced contribution of the C atom of the NHC ligand, as the stabilization of the π* level of the pyrimidyl, quinolyl and quinoxyl substituents can act as a "trap" for the electron density in the reduced ligand form of the CT excited state. This trend is also in agreement with the calculated percentage contribution to the LUMO orbital for these complexes (Table 3) .
Therefore, the trans effect might result decreased in the LE-MLCT state and photochemical pathways might be less favored, since the energy gap between the LE-MLCT and the reactive HE-MLCT (where the negative charge is more localized on the carbene C atom thus increasing its trans effect) is increased. This rationalization though implies that the photochemistry proceeds from thermally activated HE-MLCT states.
In the special case of the quinoxyl complexes 5Cl and 5Br, whose emission at room temperature is observed at higher energy (494 and 432 nm, respectively), the lack of photochemistry is ascribed to the π-π* LC nature of the excited state. In fact, in this excited state no electron density is significantly withdrawn from the Re, X or CO ligands, therefore the Re-CO and Re-X bonds are not weakened and the increase in trans effect of the NHC ligand might not be enough to promote photoreactivity. 
Conclusion
In conclusion, photophysical and photochemical variations in a family of tricarbonyl 
Supporting Information
Tables of bond length and angles for all the complexes; excitation profiles for all the complexes at room temperature; excitation and emission profiles for 5Br at room temperature; excitation and emission profiles for all the complexes at 77 K; tables of calculated transitions for all the complexes; pictorial representations of the orbital contours (HOMO-5 to LUMO+5) for all the complexes; IR and 1 H-NMR progression for the photostable complexes; photochemical progression of 2Cl.
Notes
The authors declare no competing financial interest.
Table of Content Synopsis
The photochemistry of Re(I) complexes bound to bidentate N-heterocyclic carbene ligands proceeds via a bifurcated pathway involving direct CO dissociation and halogen exchange, with the photoreactivity being intimately linked to the chemical identity of the chelating ligand.
